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-

Providing a current sensor comprising a plurality of magnetic field sensing |

elements supported by a surface of a semiconducior substrate, wherein at |

ieast one first magnetic field sensing element is spaced from at least one |
second magnetic field sensing slement

U2

4
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Start |

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Sensing the current by the at least one first magnetic field sensing element |
and the at least one second magnatic field sensing element, wherein the |
at least one first magnetic field sensing element and the at least one |
second magnelic field sensing element are oriented 1o sense the current in |
the same direction 5

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Generating a first magnetic field signal indicative of a first distance
petween the atl ieast one first magnelic fisld sensing element and the
congucior

Ty Shb bbb il b

=
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Generating a second magnetic field signal indicative of a second distance |
between the at least one second magnetic field sensing slement and the |
conducior
508

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Generating a difference signal indicative of a difference betwesen the first
magnetic hield signal and the second magnetic field signal, wherain the
difference s ndicative of the current carned by the conductor
910
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-

Providing a current sensor comprising a plurality of magnstic field Eenamg
elements supported by a semiconducior subsirate

602
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iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

FRositioning the current sensor gver an edge of the conductor such that at

least one first magnetic tield sensing element is vertically aligned with the

conductor and at leas! one second magnelic field sensing element is not
variically aligned with the conducior

604

----------------------------------------------------------------------------------------------------------------------------------------------------------------------
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r
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Computing a difference between a first magnetic field signal generaled by
the at least one first magnelic field sensing slement and a second
magnetic field signal generated by the at least one second magnetic field
sensing element, the difference being indicahive of the current carried by
the conduclor.
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SYSTEMS AND METHODS FOR CURRENT
SENSING

BACKGROUND

Some conventional electrical current sensors are posi-
tioned near a current-carrying conductor to sense a magnetic
field generated by the current through the conductor. The
current sensor generates an output signal having a magni-
tude proportional to the magnetic field induced by the
current through the conductor.

The accuracy with which a magnetic field-based current
sensor senses an intended current can be aflected by 1its
immunity to stray magnetic fields. Some conventional cur-
rent sensors employ shields, sometimes 1n the form of a
ferrite or other magnetic core positioned around the con-
ductor, to concentrate the magnetic field 1n the vicinity of the
sensor and to thereby provide a level of shielding against
stray fields, such as those that may be caused by currents
flowing 1n adjacent conductors.

SUMMARY

Systems and methods described herein are directed
towards current sensing by a current sensor having two or
more magnetic field sensing elements that are oriented to
sense a magnetic field generated by a current through an
external conductor 1n the same direction. Each of the two or
more magnetic field sensing elements can generate a mag-
netic field signal indicative of a distance between the respec-
tive magnetic field sensing element and the current carrying
conductor. In some embodiments, the outputs of the mag-
netic field sensing elements can be subtracted to differen-
tially measure the magnetic field generated by the current
through the conductor. Thus, a diflerence signal correspond-
ing to the diflerence between the magnetic field signals can
be generated that rejects stray fields and 1s indicative of the
current through the conductor.

The current sensing can be performed by positioming the
current sensor over an edge (e.g., straddling the edge) of the
conductor such that at least one first magnetic field sensing
clement 1s over or otherwise vertically aligned with the
conductor and at least one second magnetic field sensing
clement 1s not over or otherwise vertically aligned with the
conductor. The magnetic field sensing elements may be
spaced from each to measure a gradient. Thus, the spacing
may be selected based on a desired gradient (e.g., largest
gradient) and/or a level of the current through the conductor.

The current sensor may be provided 1n a package having
a lead frame that allows for high isolation between the
conductor and the output signal lead(s) of the sensor. For
example, the current sensor can include one or more sub-
strates (e.g., semiconductor substrates) that support the
magnetic field sensing elements and the lead frame can
include a die attach paddle and a plurality of leads. The one
or more substrates can be attached to the die attach paddle.
In an embodiment, a first plurality of leads adjacent to a first
side of the die attach paddle can be coupled to the die attach
paddle and a second plurality of leads adjacent to a second
side of the die attach paddle can be spaced from the die
attach paddle. With this arrangement, one set of leads can be
coupled to a non-current carrying surface adjacent to the
conductor and the second set of leads can be coupled to the
current carrying conductor but spaced from the die attach
paddle. With the second set of leads spaced from (1.e., not in
contact with) the die attach paddle, high isolation from the
conductor 1s achieved. The spacing between the second set
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of leads and the die attach paddle may be selected based at
least 1 part on a level of the current, a voltage of the
conductor, and isolation requirements. It should be appre-
clated that in the current sensor arrangements described
herein, the conductor can be 1solated from the one or more
substrates and the first plurality of leads through a variety of
different techniques. For example, in some embodiments, to
provide voltage isolation, the die attach paddle can be
coupled to the second plurality of leads. However, an
isolation layer (e.g., tape, non-conductive die attach paddle)
can be disposed between the one or more substrates and the
die attach paddle and one or more wire bonds can be coupled
from the one or more substrates to the signal leads.

The conductor may be referred to herein as an external
conductor as the current sensor 1s disposed over or otherwise
adjacent to the conductor and the current does not tlow
through the current sensor package. For example, 1n some
embodiments, the current sensor may be positioned such
that 1t hovers over the edge of the external conductor.

A downset configuration of the die attach paddle may be
provided such that at least some of the plurality of leads are
positioned at different heights than the die attach paddle (and
thus substrate and magnetic field sensing elements) relative
to the conductor to bring the die attach paddle closer to the
conductor than otherwise possible. For example, the plural-
ity of leads can be disposed at a first height with respect to
the conductor and the die attach paddle can be disposed at
a second height with respect to the conductor. The first
height can be greater than the second height such that the die
attach paddle, substrate and plurality of magnetic field
sensing elements are disposed at a lower height and 1n a
closer proximity to the current carrying conductor, than
otherwise possible.

In a first aspect, a current sensor for sensing a magnetic
field generated by a current through an external conductor
comprises a lead frame having a first surface and a second,
opposing surface, the lead frame comprising a die attach
paddle and a plurality of leads, one or more substrates
attached to the die attach paddle and a plurality of magnetic
field sensing elements supported by the one or more sub-
strates. At least one first magnetic field sensing element of
the plurality of magnetic field sensing elements 1s spaced
from at least one second magnetic field sensing element of
the plurality of magnetic field sensing elements and the at
least one first magnetic field sensing element and the at least
one second magnetic field sensing element are orientated to
sense the magnetic field in the same direction. The at least
one first magnetic field sensing element 1s configured to
generate a first magnetic field signal indicative of a distance
between the at least one first magnetic field sensing element
and the conductor and wherein the at least one second
magnetic field sensing element 1s configured to generate a
second magnetic field signal indicative of a distance
between the at least one second magnetic field sensing
clement and the conductor. The current sensor further com-
prises a circuit responsive to the first magnetic field signal
and to the second magnetic field signal and configured to
generate a difference signal indicative of a difference
between the first magnetic field signal and the second
magnetic field signal. The difference 1s indicative of the
current carried by the conductor. For example, the first and
second magnetic field signals can be proportional to the
current carried by the conductor and that the proportionality
constant can be indicative of the distance between the
respective magnetic field sensing elements.

In some embodiments, the one or more substrates may
have a first surface attached to the die attach paddle and a
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second, opposing surface, and the plurality of magnetic field
sensing elements can be supported by the second surface of
the one or more substrates. In other embodiments, the one or
more substrates may have a first surface attached to the die
attach paddle and proximate to the lead frame, and a second,
opposing surface distal from the lead frame and the plurality
of magnetic field sensing elements can be supported by the
first surface of the one or more substrates.

The at least one first magnetic field sensing element can
be vertically aligned with the external conductor and the at
least one second magnetic field sensing element can be
positioned such that 1t 1s not vertically aligned with the
external conductor. The die attach paddle may comprise one
or more slits, slots or apertures. The one or more slits, slots
or apertures can be configured to reduce or otherwise limait
the amount of eddy currents forming 1n the die attach paddle.

The plurality of leads can be disposed at a first height with
respect to the external conductor and the die attach paddle 1s
disposed at a second, different height with respect to the
external conductor, wherein the first height 1s greater than
the second height.

In some embodiments, a mold material encloses the one
or more substrates and a portion of the lead frame including
the die attach paddle. A first plurality of the leads can extend
from a first side of the mold material and a second plurality
of the leads can extend from a second, opposite side of the
mold matenal, and the die attach paddle 1s attached to one
or more of the first plurality of the leads and 1s spaced from
the second plurality of leads.

The plurality of magnetic field sensing elements may
comprise at least one of a Hall effect element or a magne-
toresistance element. The magnetoresistance element may
comprise at least one of Indium Antimomde (InSb), a giant
magnetoresistance (GMR) element, an anisotropic magne-
toresistance (AMR) element, a tunneling magnetoresistance
(TMR) element or a magnetic tunnel junction (MT1J) ele-
ment.

In another aspect, a current sensor system 1s provided
comprising a printed circuit board (PCB), a conductor
supported by the PCB and configured to carry a current and
a current sensor comprising a plurality of magnetic field
sensing elements supported by one or more substrates. At
least one of the plurality of magnetic field sensing elements
1s vertically aligned with the conductor and at least one of
the plurality of magnetic field sensing elements 1s not
vertically aligned with the conductor.

A plurality of slots (or slits) may be formed in the
conductor 1n a direction of the current. The slots (or slits)
may be formed to reduce or otherwise mitigate adverse
ellects of skin effect and current crowding at higher current
frequencies. The conductor has an edge and the at least one
first magnetic field sensing element and the at least one
second magnetic field sensing element can be positioned
such that they are substantially equidistant from the edge.

The current sensor may turther comprise a circuit respon-
sive to a first magnetic field signal from the at least one
magnetic field sensing element that 1s vertically aligned with
the conductor and to a second magnetic field signal from the
at least one magnetic ficld sensing element that 1s not
vertically aligned with the conductor. The circuit can be
configured to generate a difference signal indicative of the
difference between the first magnetic field signal and the
second magnetic field signal. The difference signal can be
indicative of the current carried by the conductor.

In some embodiments, the conductor comprises a con-
ductive trace supported by the PCB and proximate to the
current sensor. In other embodiments, the conductor com-
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prises a conductive trace disposed distal from the current
sensor such that the PCB 1s positioned between the conduc-
tive trace and the current sensor.

The current sensor may further comprise a lead frame
having a first surface adjacent to the PCB and a second,
opposing surface distal from the PCB, the lead frame
comprising a die attach paddle and a plurality of leads, and
the one or more substrates attached to the die attach paddle.
In some embodiments, the one or more substrates can have
a first surface attached to the die attach paddle and a second,
opposing surface and the plurality of magnetic field sensing
clements can be supported by the second surface of the one
or more substrates. In other embodiments, the one or more
substrates can have a first surface attached to the die attach
paddle and proximate to the lead frame, and a second,
opposing surface distal from the lead frame, and the plurality
of magnetic field sensing elements can be supported by the
first surface of the one or more substrates.

The die attach paddle may comprise one or more slits,
slots or apertures. The plurality of leads can be disposed at
a first height with respect to the conductor and the die attach
paddle can be disposed at a second, different height with
respect to the conductor. The first height can be greater than
the second height.

The current sensor system may comprise a mold material
enclosing the one or more substrates and a portion of the
lead frame including the die attach paddle. A first plurality
of the leads may extend from a first side of mold material
and a second plurality of the leads may extend from a
second, opposite side of the mold material. The die attach
paddle can be attached to the first plurality of the leads and
1s not attached to the second plurality of leads.

The plurality of magnetic field sensing elements may
comprise at least one of a Hall eflect element or a magne-
toresistance element. The magnetoresistance element may
comprise at least one of Indium Antimonide (InSb), a giant
magnetoresistance (GMR) element, an anisotropic magne-
toresistance (AMR) element, a tunneling magnetoresistance
(ITMR) element or a magnetic tunnel junction (MT1J) ele-
ment.

In another aspect, a current sensor for sensing a magnetic
field generated by a current through an external conductor 1s
provided comprising a lead frame having a first surface and
a second, opposing surface, a die attach paddle, a first
plurality of leads and a second plurality of leads, the die
attach paddle having first side adjacent to the first plurality
of leads and second, opposing side adjacent to the second
plurality of leads, wherein the first side of the die attach
paddle 1s attached to at least one of the first plurality of leads
and wherein the second side of the die attach paddle 1is
spaced from the second plurality of leads, one or more
substrates attached to the die attach paddle and a plurality of
magnetic field sensing elements supported by the one or
more substrates. At least one first magnetic field sensing
clement of the plurality of magnetic field sensing elements
1s spaced from at least one second magnetic field sensing
clement of the plurality of magnetic field sensing elements
such that the at least one first magnetic field sensing element
1s closer to the first side of the die attach paddle than to the
second side of the die attach paddle and the at least one
second magnetic field sensing element 1s closer to the
second side of the die attach paddle than to the first side of
the die attach pad.

In some embodiments, the one or more substrates can
have a first surface attached to the die attach paddle and a
second, opposing surface and the plurality of magnetic field
sensing elements can be supported by the second surface of
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the one or more substrates. In other embodiments, the one or
more substrates can have a first surface attached to the die
attach paddle and proximate to the lead frame, and a second,
opposing surface distal from the lead frame and the plurality
of magnetic field sensing elements can be supported by the
first surface of the one or more substrates.

The at least one first magnetic field sensing element can
be configured to generate a first magnetic field signal
indicative of a distance between the at least one first mag-
netic field sensing element and the conductor and the at least
one second magnetic field sensing element can be config-
ured to generate a second magnetic field signal indicative of
a distance between the at least one second magnetic field
sensing element and the conductor. The current sensor may
turther comprise a circuit responsive to the first magnetic
field signal and to the second magnetic field signal and
configured to generate a difference signal indicative of a
difference between the first magnetic field signal and the
second magnetic field signal. The difference can be indica-
tive of the current carried by the conductor.

In some embodiments, the at least one first magnetic field
sensing element 1s vertically aligned with the conductor and
the at least one second magnetic field sensing element 1s not
vertically aligned with the conductor. The die attach paddle
may comprise one or more slits, slots or apertures.

The first and second plurality of leads can be disposed at
a first height with respect to the conductor and the die attach
paddle can be disposed at a second, different height with
respect to the conductor. The first height can be greater than
the second height.

The current sensor may further comprise a mold matenal
enclosing the one or more substrates and a portion of the
lead frame including the die attach paddle. The first plurality
of the leads can extend from a first side of mold material and
the second plurality of the leads can extend from a second,
opposite side of the mold matenal.

The plurality of magnetic field sensing elements may
comprise at least one of a Hall effect element or a magne-
toresistance element. The magnetoresistance element may
comprise at least one of Indium Antimonide (InSb), a giant
magnetoresistance (GMR) element, an anisotropic magne-
toresistance (AMR) element, a tunneling magnetoresistance
(TMR) element or a magnetic tunnel junction (MTJ) ele-
ment.

In another aspect, a method for sensing a magnetic field
generated by a current through an external conductor com-
prises providing a lead frame having a first surface and a
second, opposing surface, the lead frame comprising a die
attach paddle and a plurality of leads, wherein one or more
substrates are attached to the die attach paddle, providing a
current sensor comprising a plurality of magnetic field
sensing elements supported by a surface of one or more
substrates, wherein at least one first magnetic field sensing
clement of the plurality of magnetic field sensing elements
1s spaced from at least one second magnetic field sensing
clement of the plurality of magnetic field sensing elements,
sensing the magnetic field by the at least one first magnetic
field sensing element and the at least one second magnetic
field sensing element, wherein the at least one first magnetic
field sensing element and the at least one second magnetic
field sensing element are orientated to sense the magnetic
field i the same direction, generating a first magnetic field
signal indicative of a first distance between the at least one
first magnetic field sensing element and the conductor,
generating a second magnetic field signal indicative of a
second distance between the at least one second magnetic
field sensing element and the conductor and generating a
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difference signal indicative of a difference between the first
magnetic field signal and the second magnetic field signal,
wherein the difference 1s indicative of the current carried by
the conductor.

The method may further comprise positioning the at least
one first magnetic field sensing element such that 1t 1s
vertically aligned with the conductor and positioning the at
least one second magnetic field sensing element such that 1t
1s not vertically aligned with the conductor. One or more
slits, slots or apertures may be formed in the die attach
paddle.

In some embodiments, the method further comprises
disposing the plurality of leads at a first height with respect
to the conductor and disposing the die attach paddle at a
second, different height with respect to the conductor. The
first height can be greater than the second height.

The one or more substrates and a portion of the lead frame
including the die attach paddle may be enclosed 1n a mold
material. A first plurality of the leads may extend from a first
side of mold material and a second plurality of the leads may
extend from a second, opposite side of the mold matenal.
The die attach paddle can be attached to one or more of the
first plurality of the leads and 1s spaced from the second
plurality of leads.

The plurality of magnetic field sensing elements may
comprise at least one of a Hall effect element or a magne-
toresistance element. The magnetoresistance element may
comprise at least one of Indium Antimonide (InSb), a giant
magnetoresistance (GMR) element, an anisotropic magne-
toresistance (AMR) element, a tunneling magnetoresistance
(TMR) element or a magnetic tunnel junction (MT1J) ele-
ment.

In another aspect, a method for sensing a magnetic field
generated by a current through a conductor 1s provided
comprising providing a printed circuit board (PCB) support-
ing the conductor, providing a current sensor comprising a
plurality of magnetic field sensing elements supported by
one or more substrates, positioning the current sensor over
an edge of the conductor such that a first magnetic field
sensing element of the plurality of magnetic field sensing
clements 1s vertically aligned with the conductor and a
second magnetic field sensing element of the plurality of
magnetic field sensing elements 1s 1t not vertically aligned
with the conductor; wherein the conductor 1s supported by
the PCB and conﬁgured to carry the current, and computing
a difference between a {first magnetlc field signal generated
by the first magnetic field sensing element and a second
magnetic field signal generated by the second magnetic field
sensing element, wherein the diflerence 1s indicative of the
current through the conductor.

The method may further comprise forming a plurality of
slots formed 1n the conductor 1n a direction of the current. In
some embodiments, positioning the current sensor over the
edge of the conductor comprises positioning the at least one
first magnetic field sensing eclement and the at least one
second magnetic ficld sensing element such that they are
substantially equidistant from the edge.

The method may further comprise providing the conduc-
tor as a conductive trace disposed distal from the current
sensor such that the PCB 1s positioned between the conduc-
tive trace and the current sensor.

In some embodiments, providing the current sensor fur-
ther comprises providing a lead frame having a first surface
adjacent to the PCB and a second, opposing surface distal
from the PCB, the lead frame comprising a die attach paddle
and a plurality of leads. A first surface of the one or more
substrates can be coupled to the die attach paddle, wherein
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the plurality of magnetic field sensing elements can be
supported by a second, opposite surface of the one or more

substrates. In other embodiments, a first surface of the one
or more substrates can be coupled to the die attach paddle,
wherein the plurality of magnetic field sensing elements can
be supported by the first surface of the one or more sub-
strates.

One or more slits, slots or apertures 1n the die attach
paddle. The method may further comprise providing the
plurality of leads at a first height with respect to the
conductor and providing the die attach paddle at a second,
different height with respect to the conductor. The first
height can be greater than the second height.

The method may further comprise enclosing the one or
more substrates and a portion of the lead frame 1including the
die attach paddle 1n a mold material. A first plurality of the
leads may extend from a first side of mold material and a
second plurality of the leads may extend from a second,
opposite side of the mold material. The die attach paddle can
be attached to one or more of the first plurality of the leads
and 1s not attached to the second plurality of leads.

The plurality of magnetic field sensing elements may
comprise at least one of a Hall effect element or a magne-
toresistance element. The magnetoresistance element may
comprise at least one of Indium Antimonide (InSb), a giant
magnetoresistance (GMR) element, an anisotropic magne-
toresistance (AMR) element, a tunneling magnetoresistance
(TMR) element or a magnetic tunnel junction (MTJ) ele-
ment.

In another aspect, a current sensor for sensing a magnetic
field generated by a current through an external conductor,
the magnetic field having direction associated with a direc-
tion of the current through the conductor, comprises a first
means for sensing the magnetic field generated by the
current to generate a first magnetic field signal indicative of
a distance between the first magnetic field sensing means
and the conductor, a second means for sensing the magnetic
field generated by the current to generate a second magnetic
field signal indicative of a distance between the second
magnetic field sensing means and the conductor, means for
supporting the first magnetic field sensing means and the
second magnetic field sensing means in a spaced relation-
ship, but with both the first and second magnetic field
sensing means oriented to sense the magnetic field 1 the
same direction and means for determiming a difference
between the first magnetic field signal and the second
magnetic field signal, wherein the difference 1s indicative of
the current through the conductor.

The first magnetic field sensing means can be vertically
aligned with the external conductor and the second magnetic
field sensing means can be positioned such that it 1s not
vertically aligned with the external conductor.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features may be more fully understood
from the following description of the drawings 1n which:

FIG. 1 shows a current sensor having a plurality of
magnetic field sensing elements supported by a substrate and
attached to a die attach paddle;

FIG. 1A shows an exploded view of the current sensor of
FIG. 1;

FI1G. 2 shows the current sensor of FIG. 1 positioned over
an edge of a conductor;

FIG. 2A shows the spacing of one or more magnetic field
sensing elements within the current sensor of FI1G. 1 relative
to the conductor:;
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FI1G. 2B shows one or more slits formed 1n a conductor;
FIGS. 2C-2F show different embodiments of conductors

comprising one or more conductive traces and a printed
circuit board relative to the current sensor of FIG. 1;

FIG. 3 1s a plain view of the current sensor of FIG. 1;

FIG. 4 1s a circuit diagram of a current sensor;

FIG. 5 1s a flow diagram of a method for sensing a
magnetic field generated by a current through a conductor by
the current sensor of FIG. 1;

FIG. 6 1s a flow diagram of a method for sensing a
magnetic field generated by a current though a conductor by
the current sensor of FIG. 1.

FIG. 7 shows a flip chip current sensor; and

FIG. 7A shows a side view of the flip chip current sensor

of FIG. 7.

DETAILED DESCRIPTION

Betfore describing the present invention, some introduc-
tory concepts and terminology are explained.

As used herein, the term “magnetic field sensing element™
1s used to describe a variety of electronic elements that can
sense a magnetic field. The magnetic field sensing element
can be, but 1s not limited to, a Hall-effect element, a
magnetoresistance element, or a magnetotransistor. As 1s
known, there are diflerent types of Hall-eflect elements, for
example, a planar Hall element, a vertical Hall element, and
a Circular Vertical Hall (CVH) element. As 1s also known,
there are different types ol magnetoresistance elements, for
example, a semiconductor magnetoresistance element such
as an Indium Antimomde (InSb) element, a giant magne-
toresistance (GMR) element, for example, a spin valve, an
anisotropic magnetoresistance element (AMR), a tunneling
magnetoresistance (IMR) element, and a magnetic tunnel
junction (MT1J). The magnetic field sensing element may be
a single element or, alternatively, may include two or more
magnetic field sensing elements arranged in various con-
figurations, e.g., a half bridge or tull (Wheatstone) bridge.
Depending on the device type and other application require-
ments, the magnetic field sensing element may be a device
made of a type IV semiconductor material such as Silicon
(S1) or Germanium (Ge), or a type III-V semiconductor
matenal like Gallium-Arsenide (GaAs) or an Indium com-
pound, e.g., Indium-Antimonide (InSb).

As 1s known, some of the above-described magnetic field
sensing elements tend to have an axis of maximum sensi-
tivity parallel to a substrate that supports the magnetic field
sensing element, and others of the above-described magnetic
field sensing elements tend to have an axis of maximum
sensitivity perpendicular to a substrate that supports the
magnetic field sensing element. In particular, planar Hall
clements tend to have axes of sensitivity perpendicular to a
substrate, while metal based or metallic magnetoresistance
clements (e.g., GMR, TMR, AMR) and vertical Hall ele-
ments tend to have axes of sensitivity parallel to a substrate.

As used herein, the term “magnetic field sensing circuit”
1s used to describe a circuit that uses a magnetic field sensing
clement, generally 1n combination with other circuits. Mag-
netic field sensing circuits are used in a variety of applica-
tions, including, but not limited to, an angle sensor that
senses an angle of a direction of a magnetic field, a current
sensor that senses a magnetic field generated by a current
carried by a current-carrying conductor, a magnetic switch
that senses the proximity of a ferromagnetic object, a
rotation detector that senses passing ferromagnetic articles,
for example, magnetic domains of a ring magnet or a
ferromagnetic target (e.g., gear teeth) where the magnetic
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field sensor 1s used in combination with a back-biased or
other magnet, and a magnetic field sensor that senses a
magnetic field density of a magnetic field.

Now referring to FIG. 1, a current sensor 100 1ncludes a
lead frame 102, a substrate 108 and a plurality of magnetic
ficld sensing elements 110a-1107 supported by substrate
108. Current sensor 100 can be positioned over an edge of
an external conductor (FIG. 2) and be configured to perform
current sensing based at least in part on a relative spacing
between each of the at least two of the magnetic field sensing,
clements 1104-1107% and the conductor.

Magnetic field sensing elements 110q-1102 are oriented
or otherwise positioned such that each of the magnetic field
sensing elements 110a4-1102 can sense a magnetic field
generated by a current through an external conductor (FIG.
2) 1in the same direction. However, each of the magnetic field
sensing elements 110a-11072 can be positioned at different
distances from the external conductor and thus generate
magnetic field signals at diflerent levels based at least in part
on their respective distance from the external conductor. A
difference between the magnetic field signals generated by
cach of the magnetic field sensing elements 1104-110#% can
be used to determine the current through the external con-
ductor. Further, the spacing between at least one first mag-
netic sensing element 110q and at least one second magnetic
field sensing element 1102 may be selected to optimize the
gradient between the magnetic fields experienced by each of
the sensing elements 110a, 110z.

Lead frame 102 includes a die attach paddle 104 and a
plurality of leads 106. Substrate (e.g., semiconductor sub-
strate) or die 108 1s attached to die attach paddle 104, as may
be achieved with an adhesive layer 107. For example, and as
illustrated 1n FIG. 1, a second surface 10854 of substrate 108
1s coupled to a first surface 104a of die attach paddle 104
(1.e., die-up configuration). It should be appreciated how-
ever, that in other embodiments, a first surface 108a of
substrate 108 may be coupled to a second surface 10456 of
die attach paddle 104 (1.e., tlip chip configuration as shown
in FIG. 7). It will also be understood that while a single
semiconductor die 108 1s shown, the current sensor can
include more than one die, with each such die supporting
magnetic field sensing element(s) and/or supporting cir-
cuitry.

Lead trame 102 can be configured to provide high voltage
1solation between signal leads as may carry relatively low
voltage signals and high voltage leads as may contact an
external conductor. For example, leads 106 includes a first
plurality of leads 106q extending from a first side 104¢ of die
attach paddle 104 and a second plurality of leads 1065
spaced from (e.g., not in contact with) a second side 1044 of
die attach paddle 104. Leads 106a may be coupled to a
non-current carrying surface and leads 10656 may be coupled
to a current carrying surface of a conductor. For example, in
some embodiments, leads 106a may be coupled to a micro-
controller or other surface that may utilize low voltage
current measurement signals. It should be appreciated that a
non-current carrying surface as referred to herein may refer
to a low voltage surface or a surface carry a current less than
a current carrying surface ol a conductor (e.g., conductor
206 of FIG. 2.). Thus, leads 1066 (coupled to current
carrying conductor) may be electrically 1solated from die
attach paddle 104. The space gap between leads 10656 and
die attach paddle 104 1s shown further below 1n connection
with FIG. 3.

It should be appreciated that 1n the current sensor arrange-
ments described herein, the conductor (e.g., conductor 206
of FIG. 2.) can be 1solated from the one or more substrates
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108 and first plurality of leads 106a through a variety of
different techniques. For example, in some embodiments, to
provide voltage 1solation, die attach paddle 104 can be
coupled to second plurality of leads 10656. However, an
1solation layer (e.g., tape, non-conductive die attach paddle)
can be disposed between the one or more substrates 108 and
die attach paddle 104 and one or more wire bonds can be
coupled from the one or more substrates 108 to the signal
leads.

Die attach paddle 104 may include one or more cutouts,
slits, slots or apertures 114a, 1145 to reduce eddy currents.
For example, eddy currents may be formed near a current
carrying conductor and oppose magnetic fields, generated by
the current carrying conductor that are to be sensed by
magnetic field sensing elements 110a-110%. The one or more
cutouts 114a, 1145 may be configured to limit the amount of
eddy currents forming 1n the die attach paddle 104. The one
or more cutouts 114a, 1145 will be described 1n greater
detail below with respect to FIG. 3.

Substrate 108 may include a semiconductor substrate. In
some embodiments, substrate 108 may include a semicon-
ductor material and any material used for supporting semi-
conductor materials. For example, substrate 108 may
include, but not limited to, a semiconductor material dis-
posed on at least one of glass, ceramic, or polymer.

A mold material 116 1s provided to enclose die attach
paddle 104, substrate 108, magnetic ficld sensing elements
1104a-1107 and portions of leads 106, as shown.

Magnetic field sensing elements 110a-1102 may include
one or more Hall effect elements or one or more magne-
toresistance elements. For example, the magnetoresistance
clements may include at least one of Indium Antimonide
(InSb), a giant magnetoresistance (GMR) element, an aniso-
tropic magnetoresistance (AMR) element, a tunneling mag-
netoresistance (TMR) element or a magnetic tunnel junction
(MTJ) element.

In an embodiment, current sensor lead frame can have a
downset configuration such that portions of the plurality of
leads 106 are positioned at different heights than the die
attach paddle 104 (and thus, also than the substrate 108 and
magnetic field sensing elements 110a-1101).

For example, and referring also to the exploded view of
current sensor 150 1n FIG. 1A, leads 106a include a first
portion 140aq at a first height and a connect portion 142
coupled between the first portion 140q and the die attach
paddle 104. Thus, the first lead portions 140a can be at a first
height and the die attach paddle 104 can be at a diflerent
height that in some embodiments is less than the first height.
In such embodiments, when the current sensor 1s positioned
relative to a current carrying conductor, the first lead por-
tions 140a may be higher than the die attach paddle 104
relative to the conductor, in order to thereby bring the die
attach paddle closer to the conductor than otherwise pos-
sible.

A second portion 1405 of leads 106a may be at a second
lower height than portions 140q to provide surface mount
pads for coupling to a printed circuit board or other support
structure. Similarly leads 1065 can have a first portion 144a
at a first height and second portions 1445 at a second, lower
height to form surface mount pads.

The first portion 144a of leads 1065 can be spaced from
(1.e., not 1 contact with) die attach paddle 104. Thus, 1n
applications in which leads 1065 are coupled to a current
carrying conductor (see, e.g., FIG. 2), die attach paddle 104
and electrically coupled leads 106a can be electrically
isolated from the current carrying conductor.
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Now referring to FIG. 2, a current sensor 200 1s positioned
over an edge 212 of external conductor 206 that 1s config-
ured to carry a current 210. Current sensor 200 may be the
same as or substantially similar to current sensor 100 of FIG.
1 and thus may include a plurality of magnetic field sensing
clements configured to sense a magnetic field generated by
the current 210 through conductor 206. In an embodiment,
the plurality of magnetic field sensing elements can be
oriented or otherwise positioned within current sensor 200 to
sense the magnetic field generated by current 210 through
conductor 206 1n the same direction. In other words, the
magnetic field sensing elements are positioned within the
sensor package 200 such that when the sensor 200 1s
disposed 1n proximity to (1.e., disposed over) the conductor
206, the magnetic field (generated by the current through the
conductor) 1incident on each of the sensing elements has the
same polarity.

As 1llustrated 1n FIG. 2, a first plurality of leads 204a of
current sensor 200 are coupled to a non-current carrying
surface 208 and a second plurality of leads 2045 are coupled
to conductor 206. Thus, current sensor 200 can be positioned
over edge 212 of conductor 206, as shown. First plurality of
leads 204a and second plurality of leads 20456 may be the
same as or substantially similar to respective leads 106a and
leads 1066 of current sensor 100 of FIG. 1. Thus, 1n an
embodiment, leads 204a may be coupled to a die attach
paddle within current sensor 200 and leads 2045 may be
spaced from (e.g., not 1n contact with) the die attach paddle
within current sensor 200. Thus, current sensor 200 may
provide high voltage 1solation between leads 204a and
conductor 206.

Referring also to FIG. 2A, current sensor 200 can be
positioned over edge 212 of conductor 206 such that a first
magnetic sensing clement 260 1s vertically aligned with
(here over) conductor 206 and a second magnetic sensing
clement 262 1s not vertically aligned with conductor 206 and
instead 1s aligned with a non-current carrying surface 208
(1.e., with magnetic field sensing elements 260, 262 strad-
dling the edge 212 of the conductor). Current sensor 200 can
be configured to perform current sensing by comparing (e.g.,
subtracting) outputs of first and second magnetic field sens-
ing elements 260, 262 1n order to thereby sense the current
by sensing a gradient between the magnetic field sensed by
cach sensing element 260, 262. Thus, the sensing method-
ology requires a difference (or gradient) in the magnetic
fields experienced by the sensing elements 260, 262.

The position of current sensor 200 relative to conductor
206 can be selected based at least 1n part on a level of the
current through conductor 206 and thus, the expected mag-
netic field strength, the sensitivity of the magnetic field
sensing elements, and/or a magnetic field gradient to be
measured. In some embodiments, 1t may be desirable to
position the sensor 200 so that the sensing elements 260, 262
experience the largest magnetic field gradient possible (i.e.,
the largest difference between the magnetic fields experi-
enced by the spaced magnetic field sensing elements 260,
262) as may occur when at least one first magnetic sensing
clement 260 1s vertically aligned with the current carrying
conductor 206 and at least one second magnetic sensing
clement 262 1s not vertically aligned with the current car-
rving conductor 206. To this end, a first portion 200a of
current sensor 200 1s vertically aligned with (here over)
conductor 206 and a second portion 20056 1s not vertically
aligned with conductor 206 and instead 1s vertically aligned
with a non-current carrying surface 208. In one such con-
figuration, current sensor 200 may be positioned such that an
edge 200c¢ of first portion 200a and an edge 2004 of second
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portion 2006 are equidistant from edge 212 of conductor
206, here represented by a distance “d1” (and more specifi-
cally such that the sensing elements 260, 262 are equidistant
from the conductor edge 212, here represented by a distance
“d2”). Thus, first portion 200q and second portion 2005 can
be equal 1n size (e.g., width, length).

In other embodiments, first portion 200a and second
portion 2006 may be different in size. For example, current
sensor 200 may be positioned such a distance from edge 212
of conductor 206 to edge 200c¢ of first portion 200a 1s greater
than a distance from edge 212 of conductor 206 to edge 2004
of second portion 200b. In other embodiments, current
sensor 200 may be positioned such a distance from edge 212
ol conductor 206 to edge 200c¢ of first portion 200a 1s less
than a distance from edge 212 of conductor 206 to edge 2004
of second portion 2005. In such configurations, the magnetic
field sensing elements 260, 262 may not be equidistantly
spaced from the conductor edge 212.

In some embodiments, all of current sensor 200 (or at
least both magnetic field sensing elements 260, 262) may be
vertically aligned (1.e., positioned over) conductor 206. In
such embodiments, the sensing elements 260, 262 are not
centered with respect to the conductor in order to ensure a
gradient 1n the magnetic fields experienced by the sensing
elements. In other embodiments, current sensor 200 can be
positioned relative to conductor 206 such no portion (or at
least neither magnetic field sensing element) 1s vertically
aligned (i.e., positioned over) conductor 206 and instead
current sensor 200 1s vertically offset with respect to con-
ductor 206.

It should be appreciated that although current sensor 200
1s shown to include two magnetic field sensing elements
260, 262 1n FIG. 2A, 1n other embodiments, current sensor
200 (or any current sensor described herein) may include
more than two magnetic field sensing elements.

Now referring to FIG. 2B, conductor 282 1s provided
having one or more slits 284a-284n» (here four). Conductor
282 may be the same as or substantially similar to conductor
206 of FIGS. 2-2A, however, conductor 282 includes slits
284a-284n. Slits 284a-284n may be formed to reduce or
otherwise mitigate adverse ellects of skin efiect and current
crowding at higher current frequencies. For example, as
current flows through conductor 282 at high frequency, the
current tends to crowd or migrate towards the outer surfaces
and edges of conductor 282. Conductor slits 284a-284% have
the effect of making the conductor 282 present electrical
characteristics as if the current were being carried by mul-
tiple parallel wires, the number of wires being based on the
number of slits 284a-284#» 1n order to thereby normalize or
otherwise equalize the current sensor response over Ire-
quency.

The slits 284a-284» may be formed such that their length
1s substantially parallel to a direction of the current tlow
through the conductor. In some embodiments, multiple slits
284a-284n may be formed such that they are equidistant
from each other. In other embodiments, multiple slits 284a-
2847 may be formed such that they have different distances
between them. The total number of slits 284a-284n may
vary based at least in part on properties ol conductor 282
and/or a particular application of a current sensor. For
example, 1n some embodiments, conductor 282 may have
one slit 284a-284n. In other embodiments, conductor 282
may have two or more slits 284a-284n.

Now referring to FIGS. 2C-2F, conductor 206 may take
the form of a conductive trace 220 and a printed circuit
board (PCB) 224. It should be appreciated that in some

embodiments, each of the current traces illustrated in FIGS.
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2C-2F may include one or more slits, such as slits 284a-
2847 described above with respect to FIG. 2B. Conductive
trace 220 may be formed, disposed on or otherwise sup-
ported by one or more surfaces of the PCB 224. For
example, and as 1llustrated in FIG. 2C (in which the current
can be considered to flow into the page), conductive trace

220 may be supported by a first surface 224a of PCB 224
such that conductive trace 1s disposed proximal to current
sensor 200.

In FIG. 2D, a first conductive trace 220a 1s supported by
first surtace 224a of PCB 224 and a second conductive trace

2205 1s supported by a second opposite surface 2245 of PCB

224. Current can be considered to tlow into the page through
both the first and second conductive traces 220a, 2205. This
configuration can allow for higher current flow than other-
wise possible, while also maintaining thermal performance.

In FIG. 2E, first conductive trace 220a 1s supported by
first surface 224a of PCB 224 and second conductive trace
2205 1s supported by second opposite surface 2245 of PCB
224 and one or more additional conductive trace layers 220c¢
are embedded within PCB 224. Current can be considered to
flow 1nto the page through both the conductive traces 220a,
2206, and 220c¢. This configuration can allow for maximum
current flow, while also maintaining thermal performance. In
embodiments 1n which the conductor 1s comprised of more
than one conductive trace (e.g., FIGS. 2D and 2E), 1t will be
appreciated that the multiple conductive traces can be elec-
trically coupled 1n parallel so that current to be sensed by
current sensor 200 flows 1n parallel through the multiple
conductive traces. In some embodiments, the multiple con-
ductive traces can be electrically coupled 1n series so that
current to be sensed by current sensor 200 flows 1n series
through the multiple conductive traces to increase the cur-
rent to be sensed by current sensor 200 and 1mprove sensor
resolution.

In other embodiments and as illustrated in FIG. 2F,
conductive trace 220 may be supported by second surface
224b of PCB 224 such that conductive trace 220 1s disposed
distal from current sensor 200 and PCB 224 1s disposed
between conductive trace 220 and current sensor 200. Here
again, current can be considered to flow 1nto the page. This
configuration provides a very high level of voltage 1solation.
It should be appreciated, that 1n the embodiment of FIG. 2F,
current sensor 200 1s coupled to a first surface 224a of PCB
224 and conductive trace 220 1s supported by the second
surface 224b to provide the voltage 1solation. Thus, in some
embodiments, secondary leads extending from current sen-
sor 200 can be coupled to current sensor 200 and not 1solated
or otherwise spaced apart from current sensor 200 (in
contrast to current sensor 100 described above with respect
to FIG. 1).

Now referring to FIG. 3, a current sensor 300 1s provided
having a lead frame 302, the lead frame comprising a die
attach paddle 304, a first plurality of leads 3064 and a second
plurality of leads 3065. A substrate 308 1s coupled to die
attach paddle 304. A first surface 308a of substrate 308
supports a first magnetic field sensing element 310a and a
second magnetic field sensing element 3105.

Die attach paddle 304 may include one or more cutouts
314a, 314H (or slits, slots, apertures or other features) to
limit or otherwise reduce the amount of eddy currents
forming 1n die attach paddle 304 which may aflect magnetic
field sensing elements 310q, 3105. For example, eddy cur-
rents may be formed near a current carrying conductor and
oppose magnetic fields generated by the current carrying
conductor that are to be sensed by magnetic field sensing
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elements 310a, 3105. Thus, one or more cutouts 314a, 3145
(here two) may be formed 1n die attach paddle 304 to reduce
eddy currents.

As 1llustrated 1n FIG. 3, a first cutout 3144 and a second
cutout 3145 may be formed such that each 1s aligned with
(here under) at least one of magnetic field sensing elements
310a, 3105 respectively. In other embodiments, cutouts
314a, 3145 may be formed such that one or both are not
generally aligned (e.g., not centered) with respect to at least
one of magnetic field sensing elements 310a, 3105.

Second plurality of leads 3065 are spaced a distance “x”
from die attach paddle 304 and thus not 1n contact with die
attach paddle. The spacing “x” may be selected to 1solate die
attach paddle 304 from a current carrying conductor to
which the second plurality of leads 3065 may be coupled. In
some embodiments, the spacing “x” may be selected based
at least 1n part on a level of the current through or voltage
at the conductor and/or 1solation requirements.

Now referring to FIG. 4, a current sensor system 400
includes a current sensor 404 and conductor 402. Current
sensor 404 may be the same as, or substantially similar to
current sensor 100 of FIG. 1. Current sensor 404 includes at
least two spaced magnetic field sensing elements 4035 and a
controller circuit 436. Controller circuit 436 can generate
various control signals to control processing the output
signals of magnetic field sensing elements 405 in order to
thereby provide a current sensor output signal 428 indicative
of a level of current through conductor 402. It should be
appreciated that the output signals of the magnetic field
sensing elements can be proportional to the current carried
by conductor 402 and that the proportionality constant can
be indicative of the distance between the respective mag-
netic field sensing elements of current sensor 404.

An 1nput/output circuit (I/0) 438 coupled to controller
436 can control communication between current sensor 404
and various external devices or systems, such as an Engine
Control Unit (ECU) 1n automotive applications of the cur-
rent sensor system 400. For example, 1n some embodiments,
I/O circuit 438 may include a clock (SCL) pin to receive a
clock signal and a data (SDA) pin to recetve and/or send a
data signal. The current sensor system 400 may include a
power module 440 to power circuitry within the sensor. For
example, the power module 440 may include a regulator
configured to receive power from a battery.

Current sensor 404 1s positioned proximate to conductor
402 to sense a magnetic field generated by a current through
conductor 402. To this end, current sensor 404 includes
magnetic field sensing elements 405 responsive to receive a
driver signal 407 from a bridge driver 406. In the example,
current sensor 404 of FIG. 4, magnetic field sensing ele-
ments 4035 include four magnetoresistance elements coupled
in a bridge configuration, such as a Wheatstone bridge. For
example, magnetoresistance elements 405 may be coupled
such that each leg of the bridge includes two magnetoresis-
tance elements positioned adjacent to one another, with one
such leg spaced from the other leg. For example, magne-
toresistance elements 405 may be coupled such that each leg
of the bridge 1includes two magnetoresistance elements posi-
tioned diagonal from each other to form each respective leg
of the bridge or group of elements (e.g., element 1n left leg
upper position and element 1n right leg lower position form
a first bridge leg and element 1n left leg lower position and
clement 1n right leg upper position form a second bridge).

With this arrangement, a differential output signal of the
bridge (taken between intermediate nodes of each bridge
leg) may result 1in a differential signal that rejects stray fields
from sources other than the current through the conductor
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402. For example, one bridge leg can provide sensing
clement 260 (FIG. 2A) and the other bridge leg can provide
sensing element 262 (FIG. 2A) so that the resulting differ-
ential signal 1s indicative of the difference between the
magnetic field sensed by each bridge leg. The magnetore-
sistance elements 405 may include at least one of at least one
of an Indium Antimonide (InSb) element, a giant magne-
toresistance (GMR) element, an anisotropic magnetoresis-
tance (AMR) element, a tunneling magnetoresistance
(TMR) element or a magnetic tunnel junction (MT1J) ele-
ment. It should be appreciated that, in some embodiments,
magnetic field sensing elements 405 may be provided as one
or more Hall eflect elements.

Controller circuit 436 can include or be coupled to a

bridge trim circuit 408 configured to improve the accuracy
of the current sensor output signal 428 by trimming the
sensing elements of the bridge 405. For example, 1n the
presence ol a reference magnetic field (as may be applied
during production), bridge trim circuit 408 can provide a
trim signal 409 to magnetic field sensing elements 405 to
trim the elements of the bridge 504 1n order to thereby
ensure that the sensitivity of the individual elements and/or
legs of the bridge 1s matched.
Magnetic field sensing eclements 405 can generate a
differential magnetic field signal for coupling to a first
differential amplifier 410. One or more outputs of first
amplifier 410 are coupled to one or more mputs of an H
bridge circuit 412. H bridge circuit 412 can include multiple
field effect transistors coupled together to compare two 1nput
signals and remove or reduce noise and/or interference (e.g.,
DC oflset) and 1n some embodiments, apply a gain to the
difference between the two input signals.

A compensation coil 414 can be positioned proximate to
magnetic field sensing elements 405 1 order to apply an
equal and opposite field to the sensing elements 4035 drive
the ditferential field on the bridge to zero Gauss. The current
through coil 414 necessary to bring the differential field on
the sensing elements 405 to zero 1s sensed by a resistor 416
in order to thereby implement a closed loop current sensing
system. It should be appreciated that although current sensor
404 1s shown to be a closed loop sensor 1n FIG. 4, 1n some
embodiments, current sensor 404 can be an open loop
SENnsor.

A voltage on the sense resistor 416 1s coupled to further
amplifiers 418 and 420 to implement oflset and gain adjust-
ment, ncluding temperature compensation. An output ter-
minal 428 of current sensor 404 (e.g., VOUT) can be
provided at the output of amplifier 420 to provide a signal
having a level indicative of the current through the conduc-
tor 402.

A differential comparator 422 can be provided to imple-
ment a fault detection feature. To this end, a logic gate 424
has a first input coupled to the output of comparator 422 and
a second 1nput coupled to an interrupt signal 425. In some
embodiments, logic gate 424 may include an OR gate. An
output of logic gate 424 1s coupled to a control mput of a
transistor 426 such that detection of a current greater than a
predetermined level causes a fault signal 430 to be provided.
Current sensor 404 can include an analog-to-digital con-
verter (ADC) 434 can be configured to monitor analog
signals within current sensor 404 (e.g., analog references).

Now referring to FIG. 5, a method 500 for sensing a
magnetic field generated by a current through an external
conductor begins at block 502, by providing a current sensor
comprising a plurality of magnetic field sensing elements
supported by a first surface of a substrate. At least one first
magnetic field sensing element (hereinafter first magnetic
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field sensing element) can be spaced from at least one
second magnetic field sensing element (heremafter second
magnetic field sensing element). It should be appreciated
that the following description describes a current sensor
having two magnetic ficld sensing elements, however a
current sensor as described herein may include more than
two magnetic field sensing elements.

The current sensor can include a lead frame having a die
attach paddle and a plurality of leads. The substrate can be
coupled to the die attach paddle. The plurality of leads can
include a first plurality of leads coupled to the die attach
paddle and a second plurality of leads spaced from the die
attach paddle. For example, the first plurality of leads can be
coupled to and extend from a first side of the die attach
paddle and the second plurality of leads can be spaced from
a second side of the die attach paddle.

The current sensor can be positioned proximate to a
current carrying external conductor (e.g., external to the
current sensor) to sense a magnetic field generated by the
current through the conductor. The first plurality of leads
may be coupled to a non-current carrying surface and the
second plurality of leads may be coupled to the current
carrying conductor. The second plurality of leads are spaced
from the die attach paddle, thus, the die attach paddle may
be 1solated from the current carrying conductor.

One or more cutouts may be formed in the die attach
paddle. The one or more cutouts can be formed such that
they are aligned with at least one magnetic field sensing
clement. For example, 1n one embodiment, the one or more
slots may be formed such that each of them are under at least
one magnetic field sensing element.

In some embodiments, one or more slits may be formed
in the conductor. Slits i the conductor may be aligned
substantially with a direction of the current flow. For
example, in some embodiments, the slits can be formed such
that they are generally parallel with a direction of the
current. In some embodiments having multiple slits, the slits
may be formed such that they are spaced equidistant from
cach other. In other embodiments having multiple slits, the
slits may be formed such that they are spaced at varying
distances from a first slit to a next adjacent slit.

The current sensor may be formed having a downset
configuration. For example, the plurality of leads can be
positioned at a first height with respect to the conductor and
the die attach paddle can be positioned at a second height
with respect to the conductor. The first height can be greater
than the second height such that the die attach paddle,
substrate and plurality of magnetic field sensing elements
are disposed at a lower height and 1n a closer proximity to
the current carrying conductor than otherwise possible.

In some embodiments, a mold material may enclose the
die attach paddle, a portion of the plurality of leads, and the
substrate to form a current sensor package. The first plurality
of the leads can extend from a first side of mold material and
the second plurality of the leads can extend from a second,
opposite side of the mold matenal.

At block 504, the current though the external conductor
can be sensed by the first magnetic field sensing element and
the second magnetic field sensing element. The current
sensor can be positioned such that the first magnetic field
sensing element 1s vertically aligned with the current car-
rying conductor and the second magnetic field sensing
clement 1s not vertically aligned with the conductor and
instead 1s positioned over a non-current carrying surface.
However, both the first magnetic field sensing element and
the second magnetic field sensing element can be oriented
such that they sense the current 1n the same direction.
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At block 506, a first magnetic field signal indicative of a
first distance between the first magnetic field sensing ele-
ment and the conductor 1s generated. The first magnetic field
sensing e¢lement can be configured to generate the first
magnetic field signal based at least 1in part on a distance
between the first magnetic field sensing element and the
conductor.

At block 508, a second magnetic field signal indicative of
a second distance between the second magnetic field sensing
clement and the conductor. The second magnetic field sens-
ing element can be configured to generate the second
magnetic field signal based at least 1n part on a distance
between the second magnetic field sensing element and the
conductor. In an embodiment, the first and second magnetic
field signals can be proportional to the current carried by the
conductor and that the proportionality constant can be
indicative of the distance between the respective magnetic
field sensing elements.

The first and second magnetic field sensing elements are
positioned at different distances from the conductor and thus
the first magnetic field signal and the second magnetic field
signal can be generated at different levels based on a
difference 1n their respective distance from the conductor.
For example, and as discussed above, the first magnetic field
sensing element can be positioned over the conductor and
the second magnetic field sensing element can be positioned
such that 1t 1s not over the conductor, thus the first magnetic
field signal may be at a first level and the second magnetic
field signal may be at a second, different level.

At block 510, a difference signal can be generated 1ndica-
tive of a diflerence between the first magnetic field signal
and the second magnetic field signal. In an embodiment, the
difference signal can be indicative of the current carried by
the conductor.

Now referring to FIG. 6, a method 600 for sensing a
magnetic field generated by a current through a conductor
begins at block 602 by providing a current sensor compris-
ing a plurality of magnetic field sensing elements. A first
magnetic field sensing element can be spaced from a second
magnetic field sensing element within the current sensor.

The current sensor includes a lead frame having a die
attach paddle and a plurality of leads. The substrate can be
coupled to the die attach paddle. The plurality of leads can
include a first plurality of leads coupled to the die attach
paddle and a second plurality of leads spaced from the die
attach paddle. For example, the first plurality of leads can be
coupled to and extend from a first side of the die attach
paddle and the second plurality of leads can be spaced from
a second side of the die attach paddle.

At block 604, the current sensor can be positioned over an
edge of the conductor such that at least one first magnetic
field sensing element 1s vertically aligned with the conductor
and at least one second magnetic field sensing element 1s not
vertically aligned with the conductor. With this configura-
tion, the first and second magnetic field elements will
experience a diflerent magnetic field strength as a result of
the field generated by the current through the conductor and
the difference between these sensed magnetic fields can be
used to detect the current level.

At block 606, a difference between a first magnetic field
signal generated by the at least one first magnetic field
sensing element and a second magnetic field signal gener-
ated by the at least one second magnetic field sensing
clement can be computed. The diflerence can be indicative
of the current carried by the conductor.

Now referring to FIGS. 7-7TA, a current sensor 700
includes a lead frame 702, a substrate 708 and a plurality of
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magnetic field sensing elements 710a-7107 supported by
substrate 708. Lead frame 702 includes a first plurality of
leads 706a and a second plurality of leads 7065. Substrate
708 includes a first surface 708a positioned proximate to
leads 706a, 70656 and a second surface 7085 positioned distal
from leads 706a, 7065. In the illustrative embodiment of
FIG. 7, current sensor 700 1s provided having a tlip chip
arrangement. For example, plurality of magnetic field sens-
ing elements 710a-710n are supported by the first surface
708a of substrate 708 and thus proximate to leads 706a,
7060.

In an embodiment, current sensor 700 can be positioned
over an edge of an external conductor (FIG. 2) and be
configured to perform current sensing based at least 1n part
on a relative spacing between each of the at least two of the
magnetic field sensing elements 710a-710#% and the conduc-
tor. Lead frame 702 can be configured to provide high
voltage 1solation between signal leads as may carry rela-
tively low voltage signals and high voltage leads as may
contact an external conductor. For example, first plurality of
leads 706a can extend from a first side 708¢ of substrate 708
and second plurality of leads 7065 can be spaced from (e.g.,
not 1 contact with) a second side 7084 of substrate 708.
Leads 706a may be coupled to a non-current carrying
surface and leads 7065 may be coupled to a current carrying
surface of a conductor.

For example, in some embodiments, leads 706a may be
coupled to a microcontroller or other surface that may utilize
low voltage current measurement signals. It should be
appreciated that a non-current carrying surface as referred to
herein may refer to a low voltage surface or a surface carry
a current less than a current carrying surface of a conductor
(e.g., conductor 206 of FIG. 2.). Thus, leads 7065 (coupled
to current carrying conductor) may be electrically isolated
from substrate 708.

As 1llustrated 1mn FIG. 7A, a plurality of solder bumps
720a, 7200 may be disposed between substrate 708 and {first
plurality of leads 706a. Second plurality of leads 7065 are
spaced from second side 7084 of substrate 708. In an
embodiment, one or more solder bumps 720a-72072 may be
disposed on one or more of first plurality of leads 706a to
couple substrate 708 to first plurality of leads 706a. It should
be appreciated that, in some embodiments, current sensor
700 having a thp chip configuration may include a die attach
(not shown).

A mold material 716 may enclose the substrate 708 and a
portion of first and second plurality of leads 706a, 7065 to
form a current sensor package. First plurality of the leads
706a can extend from a first side of mold matenial 716 and
second plurality of the leads 7065 can extend from a second,
opposite side of the mold maternial 716.

Having described preferred embodiments, which serve to
illustrate various concepts, structures and techniques, which
are the subject of this patent, it will now become apparent
that other embodiments incorporating these concepts, struc-
tures and techniques may be used. Accordingly, it 1s sub-
mitted that the scope of the patent should not be limited to
the described embodiments but rather should be limited only
by the spirit and scope of the following claims.

What 1s claimed:

1. A current sensor for sensing a magnetic field generated
by a current through an external conductor comprising:

a lead frame having a first surface and a second, opposing,

surface, the lead frame comprising a plurality of leads;
one or more substrates attached to the lead frame;

a plurality of magnetic field sensing elements supported

by the one or more substrates, wherein at least one first
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magnetic field sensing element of the plurality of
magnetic field sensing elements 1s spaced from at least
one second magnetic field sensing element of the
plurality of magnetic field sensing elements, wherein
the at least one first magnetic field sensing element and
the at least one second magnetic field sensing element
are orientated to sense the magnetic field in the same
direction, wherein the at least one first magnetic field
sensing element 1s configured to generate a first mag-
netic field signal indicative of a first distance between
the at least one first magnetic field sensing element and
an edge of the conductor and wherein the at least one
second magnetic field sensing element 1s configured to
generate a second magnetic field signal indicative of a
second distance between the at least one second mag-
netic field sensing element and the edge of the conduc-
tor, wherein the first distance and the second distance
are different distances; and
a circuit responsive to the first magnetic field signal and
to the second magnetic field signal and configured to
generate a diflerence signal indicative of a diflerence
between the first magnetic field signal and the second
magnetic field signal, wherein the difference 1s indica-
tive of the current carried by the conductor.
2. The current sensor of claim 1, wherein the lead frame
turther comprises a die attach paddle and the one or more
substrates are attached to the die attach paddle.

3. The current sensor of claim 2, wherein the one or more
substrates have a first surface attached to the die attach
paddle and a second, opposing surface, and wherein the
plurality of magnetic field sensing elements are supported by
the second surface of the one or more substrates.

4. The current sensor of claim 1, wherein the one or more
substrates have a first surface attached to one or more of the
plurality of leads, and a second, opposing surface distal from
the lead frame, and wherein the plurality of magnetic field
sensing elements are supported by the first surface of the one
or more substrates.

5. The current sensor of claim 1, wherein the at least one
first magnetic field sensing element 1s vertically aligned with
the external conductor and the at least one second magnetic
field sensing element 1s not vertically aligned with the
external conductor.

6. The current sensor of claim 2, wherein the die attach
paddle comprises one or more slits, slots or apertures.

7. The current sensor of claim 2, wherein the plurality of
leads are disposed at a first height with respect to the
external conductor and the die attach paddle 1s disposed at
a second height with respect to the external conductor,
wherein the first height 1s different from and greater than the
second height.

8. The current sensor of claim 2, further comprising a
mold material enclosing the one or more substrates and a
portion of the lead frame including the die attach paddle, and
wherein a first plurality of the leads extend from a first side
of the mold matenial and a second plurality of the leads
extend from a second, opposite side of the mold material,
and wherein the die attach paddle 1s attached to one or more
of the first plurality of the leads and i1s spaced from the
second plurality of leads.

9. The current sensor of claim 1, wherein the plurality of
magnetic field sensing elements comprises at least one of a
Hall eflect element or a magnetoresistance element.

10. The current sensor of claim 9, wherein the magne-
toresistance element comprises at least one of Indium Anti-
monide (InSb), a giant magnetoresistance (GMR) element,

5

10

15

20

25

30

35

40

45

50

55

60

65

20

an anisotropic magnetoresistance (AMR) element, a tunnel-
ing magnetoresistance (TMR) element or a magnetic tunnel
junction (MT1J) element.

11. A current sensor for sensing a magnetic field generated
by a current through an external conductor comprising:

a lead frame having a first surface and a second, opposing

surface, a die attach paddle, a first plurality of leads and
a second plurality of leads, the die attach paddle having
first side adjacent to the first plurality of leads and
second, opposing side adjacent to the second plurality
of leads, wherein the first side of the die attach paddle
1s attached to at least one of the first plurality of leads
and wherein the second side of the die attach paddle 1s
spaced apart and electrically 1solated from the second
plurality of leads;

one or more substrates attached to the die attach paddle;

and

a plurality of magnetic field sensing elements supported

by the one or more substrates, wherein at least one first
magnetic field sensing element of the plurality of
magnetic field sensing elements 1s spaced from at least
one second magnetic field sensing element of the
plurality of magnetic field sensing elements such that
the at least one first magnetic field sensing element 1s
closer to the first side of the die attach paddle than to
the second side of the die attach paddle and the at least
one second magnetic field sensing element 1s closer to
the second side of the die attach paddle than to the first
side of the die attach paddle.

12. The current sensor of claim 11, wherein the one or
more substrates have a first surface attached to the die attach
paddle and a second, opposing surface, and wherein the
plurality of magnetic field sensing elements are supported by
the second surface of the one or more substrates.

13. The current sensor of claim 11, wherein the at least
one first magnetic field sensing element 1s configured to
generate a first magnetic field signal indicative of a distance
between the at least one first magnetic field sensing element
and the conductor and wherein the at least one second
magnetic field sensing element 1s configured to generate a
second magnetic field signal indicative of a distance
between the at least one second magnetic field sensing
element and the conductor, and wherein the current sensor
further comprises a circuit responsive to the first magnetic
field signal and to the second magnetic field signal and
configured to generate a diflerence signal indicative of a
difference between the first magnetic field signal and the
second magnetic field signal, wherein the difference 1s
indicative of the current carried by the conductor.

14. The current sensor of claim 11, wherein the at least
one {irst magnetic field sensing element 1s vertically aligned
with the conductor and the at least one second magnetic field
sensing element 1s not vertically aligned with the conductor.

15. The current sensor of claim 11, wherein the die attach
paddle comprises one or more slits, slots or apertures.

16. The current sensor of claim 11, wherein the first and
second plurality of leads are disposed at a first height with
respect to the conductor and the die attach paddle 1s disposed
at a second height with respect to the conductor, wherein the
first height 1s different from and greater than the second
height.

17. The current sensor of claim 11, further comprising a
mold material enclosing the one or more substrates and a
portion of the lead frame including the die attach paddle, and
wherein the first plurality of the leads extends from a first
side of mold material and the second plurality of the leads
extends from a second, opposite side of the mold matenal.
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18. The current sensor of claim 11, wherein the plurality
of magnetic field sensing elements comprises at least one of
a Hall effect element or a magnetoresistance element.
19. The current sensor of claim 18, wherein the magne-
toresistance element comprises at least one of Indium Anti-
monide (InSb), a giant magnetoresistance (GMR) element,
an anisotropic magnetoresistance (AMR) element, a tunnel-
ing magnetoresistance (IMR) element or a magnetic tunnel
junction (MT1J1) element.
20. A method for sensing a magnetic field generated by a
current through an external conductor, the method compris-
ng:
providing a lead frame having a first surface and a second,
opposing surface, the lead frame comprising a die
attach paddle and a plurality of leads, wherein one or
more substrates are attached to the die attach paddle;

providing a current sensor comprising a plurality of
magnetic field sensing elements supported by a surface
of the one or more substrates, wherein at least one first
magnetic field sensing element of the plurality of
magnetic field sensing elements 1s spaced from at least
one second magnetic field sensing element of the
plurality of magnetic field sensing elements;

sensing the magnetic field by the at least one first mag-

netic field sensing element and the at least one second
magnetic field sensing element, wherein the at least one
first magnetic field sensing element and the at least one
second magnetic field sensing element are orientated to
sense the magnetic field 1n the same direction;
generating a first magnetic field signal indicative of a first
distance between the at least one first magnetic field
sensing element and an edge of the conductor;

generating a second magnetic field signal indicative of a

second distance between the at least one second mag-
netic field sensing element and the edge of the conduc-
tor, wherein the second distance 1s different than the
first distance; and

generating a diflerence signal indicative of a difference

between the first magnetic field signal and the second
magnetic field signal, wherein the difference 1s indica-
tive of the current carried by the conductor.

21. The method of claim 20, further comprising position-
ing the at least one first magnetic field sensing element such
that 1t 1s vertically aligned with the conductor and position-
ing the at least one second magnetic field sensing element
such that 1t 1s not vertically aligned with the conductor.

22. The method of claim 20, further comprising forming
one or more slits, slots or apertures 1n the die attach paddle.

23. The method of claim 20, further comprising disposing,
the plurality of leads at a first height with respect to the
conductor and disposing the die attach paddle at a second
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height with respect to the conductor, wherein the first height
1s different from and greater than the second height.

24. The method of claim 20, further comprising enclosing
the one or more substrates and a portion of the lead frame
including the die attach paddle in a mold material, and
wherein a {irst plurality of the leads extends from a first side
of mold material and a second plurality of the leads extends
from a second, opposite side of the mold material, and
wherein the die attach paddle 1s attached to one or more of
the first plurality of the leads and 1s spaced from the second
plurality of leads.

25. The method of claam 20, wherein the plurality of
magnetic field sensing elements comprises at least one of a
Hall effect element or a magnetoresistance element.

26. The method of claim 25, wherein the magnetoresis-
tance element comprises at least one of Indium Antimonide
(InSb), a giant magnetoresistance (GMR) element, an aniso-
tropic magnetoresistance (AMR) element, a tunneling mag-
netoresistance (TMR) element or a magnetic tunnel junction

(MTJ) element.

277. A current sensor for sensing a magnetic field generated
by a current through an external conductor, the magnetic
field having a direction associated with a direction of the
current through the conductor, comprising:

first means for sensing the magnetic field generated by the
current to generate a first magnetic field signal 1indica-
tive of a first distance between the first magnetic field
sensing means and an edge of the conductor;

second means for sensing the magnetic field generated by
the current to generate a second magnetic field signal
indicative of a second distance between the second
magnetic field sensing means and the edge of the
conductor, wherein the second distance 1s different than
the first distance:

means for supporting the first magnetic field sensing
means and the second magnetic field sensing means in
a spaced relationship, but with both the first and second
magnetic field sensing means oriented to sense the
magnetic field in the same direction; and

means for determiming a difference between the first
magnetic field signal and the second magnetic field
signal, wherein the difference 1s indicative of the cur-
rent through the conductor.

28. The current sensor of claim 27, wherein the first
magnetic field sensing means 1s vertically aligned with the
external conductor and the second magnetic field sensing
means 1s not vertically aligned with the external conductor.
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

Column 2, Line 32 delete “conductor, than” and replace with --conductor than--.
Column 6, Line 43 delete “i1s 1t” and replace with --1s--.

Column 9, Line 58 delete “carry’” and replace with --carrying--.

Column 18, Line 31 delete “carry” and replace with --carrying--.
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